Diabetic nephropathy is the most common microvascular complication of diabetes mellitus. With the increasing prevalence of diabetes mellitus, diabetic neuropathy has become the primary cause of chronic nephropathy cases. Diabetes mellitus and chronic nephropathy exert certain effects on the digestive system. diabetic neuropathy patients also have digestive system symptoms and gastrointestinal diseases, with most presenting such problems as decreased gastrointestinal tract tension, insufficient gastric motility, decreased contractility, and delayed gastric emptying; these problems are often accompanied by symptoms of digestive system dysfunction, such as constipation, dry stool, tenesmus. This article will summarize and discuss the effects and mechanism of diabetic neuropathy involving the digestive system.
Introduction
Diabetes mellitus (DM) is a global epidemic, characterized by hyperglycemia. It is divided into type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM), which account for 5-10% and 90-95% of DM cases resepectively. 1 Diabetic nephropathy (DN) is one of the most common microvascular complications associated with DM, and 25-40% of DM patients may be at risk for DN. 2 The disease is characterized by proteinuria and decreased glomerular filtration rate.
Most patients with diabetes and chronic kidney disease have symptoms involving the digestive system. Some studies have found that most patients with DN have similar digestive symptoms and gastrointestinal lesions. In DN, the degree of gastrointestinal lesions in advanced cases is higher than that in early cases. 3 DN patients often present with accompanying gastrointestinal tract tension and gastric motility deficiency, decreased contractility, delayed gastric emptying and other digestive system symptoms. 4 Separately, patients with long-course T1DM under poor control can also present with gastrointestinal motility disorders, such as gastroparesis, constipation, diarrhea, and fecal incontinence. These symptoms are often associated with diabetic complications, such as autonomic neuropathy, peripheral neuropathy, and DN.
To gain a better understanding of the digestive symptoms caused by diabetic neuropathy in diabetes mellitus, we searched the Pub-Med database for publications related to "diabetic nephropathy" and "digestive system".
Pathogenesis of digestive system damage with diabetic nephropathy

Intestinal barrier
Destruction of the intestinal mucosal barrier often activates the adaptive immune response and leads to a local or systemic inflammatory response. Endotoxemia and systemic inflammation caused by intestinal mucosal barrier defects are risk factors for cardiovascular diseases. Increased creatinine production and reduced renal clearance in patients with chronic kidney disease (CKD) are likely to lead to accumulation of inflammatory factors in the body. Animal experiments have shown that CKD features intestinal mucosal barrier dysfunction. 5 The inflammatory state in the development of DM and CKD may be closely related to intestinal mucosal barrier. Firstly, the transport of bacterial and bacterial products, such as lipopolysaccharide (LPS), from the intestinal cavity to the blood that is caused by increased intestinal permeability can aggravate the low inflammation state of T2DM, CKD, and end-stage renal disease (ESRD), i.e. "gut leakage syndrome". 6 Secondly, changes in species richness, diversity, composition and function of intestinal microflora may have a profound impact on intestinal physiology by altering nutritional utilization and biosynthesis of bioactive metabolites. 7 Zheng S. et al: Diabetic nephropathy affects digestive system Explor Res Hypothesis Med
Intestinal epithelial cells participate in mechanical protection of the mucosal barrier via their tight junctions, preventing the transfer of intestinal chemicals and microorganisms from the intestine to the blood along the paracellular pathway. The tight junction is the main determinant of intestinal barrier permeability. The impairment of intestinal barrier permeability leads to the transport of intestinal contents to deep tissues, activating adaptive immune response and local or systemic inflammation.
The destruction of normal intestinal mucosal barrier may promote bacterial endotoxins from entering the circulation. Studies have shown that tight junction proteins in intestinal epithelial cells of CKD rat models are significantly reduced. Furthermore, incubation of human intestinal epithelial cells with uremic plasma can increase their permeability and decrease the expression of tight junction protein. 5 Urea is one of the factors known to lead to the destruction of epithelial tight junctions in CKD. Urea diffuses from the blood to the intestinal cavity and is metabolized to ammonia by intestinal bacterial urease, after which it is converted to ammonium hydroxide, which can destroy tight junction proteins in epithelial cell spaces. 8 Glucose is considered to be the coordinator of the intestinal mucosal barrier. Glucose transport between intestinal epithelium and systemic circulation is mediated by glucose transporter type 2 (GLUT2). 9 Christoph et al. 10 suggested that hyperglycemia significantly interferes with the integrity of homeostasis epithelium, resulting in abnormal influx of immunostimulatory microbial products and systemic transmission of intestinal pathogens. Hyperglycemia leads to retrograde transport of glucose to intestinal epithelial cells via GLUT2, resulting in changes in intracellular glucose metabolism, eventually leading to mucosal barrier dysfunction and microbial translocation to the systemic circulation. One of the most important pathways affected by hyperglycemia is glycosylation of protein N in endoplasmic reticulum and the Golgi apparatus, which may be key to the regulation of various epithelial functions. 11 After insulin treatment, insulin can prevent the destruction of tight junction integrity and the transfer of microbial products. Glucose-mediated metabolic changes in epithelial cells lead to impaired intestinal mucosal barrier function, which reduces the host's defense against intestinal infection. In conclusion, a series of experiments have confirmed that hyperglycemia directly affects intestinal epithelial cells, which can be an important cause of intestinal mucosal barrier dysfunction. 10
Intestinal microorganisms
Human intestinal microflora is a complex ecosystem, being interdependent with the health of a host, protecting organisms from pathogens, regulating the internal metabolism of the immune system and carbohydrates and lipids, and contributing to nutritional balance. The number of microorganisms varies along the intestinal tract, with the highest content being in the distal intestine. 12 Intestinal microflora plays an important role in nutrition and protection in vivo. It plays a certain role in food digestion, vitamin biosynthesis, bile acid biotransformation, innate immunity and gut barrier maintenance. Intestinal microflora produce short-chain fatty acids, such as acetic acid, propionic acid and butyric acid, by fermenting undigestible carbohydrates. This fermentation product is an important energy source for colon cells, which can reduce the intestinal pH value and help maintain the ideal environment of homeostasis in the colon. 13 Intestinal microorganisms maintain intestinal functional integrity by repairing tight junction protein structure, inducing epithelial heat shock protein, up-regulating the mucin gene, and com-peting with pathogenic bacteria for intestinal epithelial binding sites. 14 Many studies have found that there are significant changes in the composition of intestinal microflora in T1DM patients. 15 The changes of intestinal microflora are closely related to the decrease in glucose tolerance. The number of butyric acid-producing bacteria in intestinal microflora of DM patients decreases, while the number of pathogenic bacteria increases. Butyrate is the main energy source of intestinal epithelium. It can increase the secretion of glucagon-like peptide 1 (GLP1) and casein (PYY) by colon L cells, 16 and increase the intestinal transit time. 17 Intestinal microflora can change with the biochemical environment. Urea is a key factor in increasing intestinal barrier permeability in CKD. Microorganisms play an important role in ammonia and urea metabolism. Taking the urea nitrogen recovery pathway as an example, the final product of protein catabolism in mammals is ammonia, which becomes toxic to cells at high concentration. Under normal circumstances, ammonia is converted into urea through the ornithine-urea cycle in the body, and intestinal microorganisms further decompose urea into ammonia and carbon dioxide. In uremic patients, the increase of urea inflow into the intestinal cavity leads to the expansion of urea-decomposing bacteria and the increase of ammonia production, which results in increased intestinal pH and further evolves into mucosal irritation and structural damage. Similarly, increased intestinal nitrogen excretion in CKD patients will also lead to overgrowth of microorganisms using these substrates. 18
Helicobacter pylori
H. pylori infection is directly or indirectly related to many digestive diseases. About 50% of the world's population is infected with H. pylori, and the infection rate in some developing regions is even more than 70%. 19 Diabetic gastroparesis is due to decreased gastric motility caused by autonomic neuropathy, which leads to prolonged food retention time and continuous stimulation of G cells to secrete gastrin, thereby increasing gastric acid secretion and causing gastric mucosal injury. This mechanism makes advanced DN patients more susceptible to H. pylori infection. This may also partly explain the occurrence of digestive tract symptoms in patients with DN. Duodenal fluid reflux after pylorus relaxation also results in gastric mucosal barrier damaged by reflux bile, making gastric mucosa more sensitive to H. pylori growth.
In 1998, Simon et al. 20 were the first the report on the relationship between H. pylori and DM. They had found that the prevalence of H. pylori in DM patients was higher than that in the control group in their study. However, some scholars have since obtained different results. Compared with nondiabetic control groups, the prevalence of H. pylori in DM patients has been similar or even lower. 21, 22 Zhou et al. 23 showed that the prevalence of H. pylori infection in T2DM patients with microalbuminuria and massive albuminuria was significantly higher than that in normal albuminuria and nondiabetic control groups, suggesting that H. pylori infection is associated with T2DM. In addition, that study showed that the prevalence of H. pylori infection was higher in T2DM patients with DN than in T2DM patients without renal complications. DM patients are prone to secondary chronic infection, and delayed gastric emptying caused by diabetic gastroparesis in DN patients may also lead to overgrowth of bacteria in the upper gastrointestinal tract, which is considered to be the root cause of H. pylori infection.
Although the experiments by Zhou et al. 23 showed that the prevalence of H. pylori infection in patients with DN was increased, endoscopy results showed that there was no significant difference in the detection rate of gastroduodenal mucosal lesions among the three groups of DM patients, DN patients, and nondiabetics. 23 The etiology of digestive system diseases is complex and diverse. The relationship between DN and gastroduodenal morbidity still needs to be further explored.
H. pylori may play a role in promoting the development of DN. Studies have shown that microalbuminuria in H. pylori-positive T2DM patients is significantly higher than that in H. pylori-negative T2DM patients and urinary protein levels in H. pylori-positive DN patients are significantly higher than those in H. pylori-negative DN patients. 24, 25 Proteinuria is known to be a risk factor for DN progression, but there are few studies on it and H. pylori infection. 26 The exact mechanism remains to be further explored.
Gastrointestinal hormones
Gastrointestinal hormones are mainly produced by endocrine cells of the gastrointestinal mucosal epithelium. Gastrointestinal motility is regulated by nerves and hormones. Gastrointestinal hormones play an important role in regulating feeding behavior and gastrointestinal motility. Dyspepsia often exists in patients with DN, which may be associated with gastrointestinal dysfunction, decreased motilin activity, and weakened gastrointestinal motility, which cause the feedback that the motilin secretion increases to regulate gastrointestinal motility in patients with diabetic gastroparesis.
The causes of digestive system symptoms in DN are various. Gilbey et al. 27 believes that the pathogenesis of gastrointestinal lesions in DN is related to peripheral autonomic neuropathy, gastrointestinal smooth muscle degeneration, hyperglycemia, and degradation of gastrointestinal peptide hormones. Long-term history of DM and long-term hyperglycemia can lead to elevated intracellular sorbitol levels and decreased inositol levels, resulting in neuronal degeneration and segmental demyelination of axons. At the same time, long-term hyperglycemia can inhibit gastrointestinal motility and increase gastrin, resulting in secondary abnormal motilin secretion and gastric motility, and eventually lead to gastric rhythm disorder and prolonged gastric emptying time. 28 Diabetic microangiopathy can cause ischemia, neurotrophic impairment and loss, aggravate smooth muscle lesions, and cause dysfunction.
The kidney is the key site for degradation and removal of gastrointestinal peptide hormones. DN is often accompanied by kidney disease. When renal insufficiency occurs, the impaired degradation process can lead to internal environment disorders and abnormal gastrointestinal hormones. Studies have shown that serum gastrin, motilin and glucagon levels in patients with stage III and IV DN are higher than those in patients with stage I and II, and gastric emptying time is prolonged. This suggests that the degree of renal dysfunction is closely related to the decline of gastrointestinal function. It is speculated that the degree of renal dysfunction can be predicted by detecting the changes of gastrointestinal hormones in patients with DN. 29
Uremic toxins
DN is often accompanied by renal insufficiency and elevated urea levels, and can ultimately develop into uremia. The plasma of uremic patients contains more than 200 metabolites or toxic substances, collectively known as uremic toxins. Uremic toxins can be derived from the accumulation of metabolites in vivo, or from the excretion of exotic toxicants without detoxification, the production of toxic metabolites or the continuous increase of normal physiological active substances. Common uremic toxins, such as urea and guanidine compounds, can cause nausea, vomiting, and other gastrointestinal symptoms. Ammonia produced by the degradation of urea in vivo by intestinal microorganisms can change the intestinal pH value.
Recent studies have shown that azotemia has certain effects on intestinal microorganisms and the intestinal mucosal barrier, and can cause gastrointestinal dysfunction and even extensive mucosal damage. 20 Studies have also shown that CKD patients with high urea level are prone to upper gastrointestinal symptoms. Most of the biopsies show mucosal lesions, such as erosive gastritis, esophageal ulcer, and duodenitis. 30 The possible mechanism is that the increase of urea causes abnormal intestinal barrier function, including the destruction of tight junction proteins and intestinal flora imbalance, which may cause damage to the gastrointestinal mucosa.
In CKD, the increase in urea leads to the reverse diffusion of hydrogen ions across the mucosal barrier, whereby the clearance rate of gastrin in the kidney decreases and the synthesis increases, leading to the increase of gastrin level. High gastrin levels in patients with DN can reduce pyloric sphincter tension, which may lead to bile reflux worsening mucosal damage. The retention of guanidine compounds can interfere with nerve activity, excite the parasympathetic nerve, and destroy the stability of the internal environment. In addition, uremic toxins also impair pancreatic exocrine function ( Fig. 1 ). 31
Diabetic nephropathy-related pharyngeal and esophageal diseases
Abnormal pharyngeal and esophageal motility is often found in DM patients, and is more common in patients with peripheral or autonomic neuropathy. DM patients have abnormal esophageal motility, such as delayed esophageal emptying, which is more common in patients with DN. Delayed esophageal transport usually reflects decreased peristalsis or foci of low esophageal pressure, but patients may not have esophageal symptoms.
Gastroesophageal reflux (GER) may also exist in some patients with T1DM. In patients with symptomatic diabetic gastroparesis, a combination of gastric dilatation and increased residual gastric volume may increase the risk of GER. In DM patients, the lower esophageal sphincter is usually functioning normally. In DN, dyskinesia of the upper gastrointestinal tract and dystonia of the pyloric sphincter, delayed gastric emptying and rigidity of upper gastrointestinal tract caused by diabetic gastroparesis may represent the mechanisms leading to pathological GER in patients with DN. 32
Diabetic nephropathy-related gastropathy
Diabetic stomach disease is considered to be a syndrome of gastric dysfunction associated with DM.
Gastroparesis
Gastroparesis is one of the common chronic complications of both T1DM and T2DM. It is characterized by insufficient gastric motility and gastric emptying disorder. Without gastric mechanical obstruction, delayed emptying of solid food in the gastric cavity in patients with gastroparesis results in early satiety, postprandial fullness, nausea, vomiting, belching, and abdominal distention. 33 Some DM patients have pyloric spasm, which leads to obstructive Zheng S. et al: Diabetic nephropathy affects digestive system Explor Res Hypothesis Med gastroparesis. Some scholars have proposed that gastroparesis is more common in patients with DN and that there is a significant correlation between them. 34 DN is a risk factor for delayed gastric emptying. 35 Moreover, patients often have delayed gastric emptying due to retention of gastric contents. Similar phenomena often occur in patients with end-stage renal failure. Pyloric function is also one of the determinants of gastric emptying. Nausea and vomiting in some DM patients are associated with pyloric spasm. Whether activated by central or peripheral mechanisms, vomiting can cause gastric slow wave arrhythmia, inhibit antral contraction and small intestinal motility, and eventually cause gastric emptying disorders.
Gastric diseases without delayed emptying
DM patients without delayed gastric emptying can also have symptoms of stomach diseases, such as nausea and vomiting. Some patients even have accelerated gastric emptying. The condition may be the result of impaired gastric receptive relaxation and regulatory response due to abnormal autonomic innervation in the fundus of the stomach. Physiological factors, such as decreased proximal gastric compliance, may be responsible for increased gastric distension in patients with T1DM. In addition, the concentration of blood glucose can also affect gastrointestinal sensation. Gastric distension in hyperglycemia can produce stronger nausea and fullness. In addition, nausea and vomiting often occur in acute ketoacidosis of DM, which can be alleviated by treatment.
Upper gastrointestinal hemorrhage
Upper gastrointestinal hemorrhage refers to bleeding of the digestive system above the flexor ligament, and includes lesions of the esophagus, stomach, duodenum, pancreas, and gallbladder. It appears as melena when the amount of bleeding is small, and may be accompanied by hematemesis or even peripheral ischemia when the amount of bleeding is large. Studies have shown that DM is a risk factor for upper gastrointestinal hemorrhage. 36 A study collected 50 cases of uremic deaths and analyzed the causes. The results showed that nearly half of the cases had DN, among which 22% were caused directly by gastrointestinal hemorrhage. 37 The causes of upper gastrointestinal hemorrhage in patients with DN are various. In diabetic hyperglycemia, the increase of glycosylated hemoglobin leads to the relative decrease of oxidized hemoglobin and the obvious decrease of tissue oxygen uptake, resulting in chronic hypoxia of gastric mucosa. When gastric mucosa ischemia and hypoxia occur, energy metabolism will be impaired and gastric mucosal barrier function will be destroyed, resulting in extensive congestion, edema, erosion and hemorrhage under the action of pepsin and hydrogen ions. In addition, when the secretion of insulin-antagonistic hormones, such as adrenaline, increases in DM patients, blood glucose increases further. Under hypoxic stress, the secretion of stress hormones like catecholamine can also lead to damage of the gastric mucosal barrier and gastric mucosal stress ulcers. 38 Due to renal dysfunction, metabolic waste of DN remains in the digestive system. These metabolic waste materials, such as urea, amines and guanidine, can induce or aggravate the symptoms of upper gastrointestinal hemorrhage through various biochemical mechanisms. DN or DM with hepatic insufficiency can lead to coagulation dysfunction and aggravate gastric mucosal bleeding. Other factors include gastroparesis, distal esophageal tear because of pyloric spasm and severe vomiting, high susceptibility to H. pylori in patients with DN, or hypersplenism in patients with DM, and impaired liver function, which can lead to gastroduodenal ulcer and upper gastrointestinal hemorrhage. Upper gastrointestinal hemorrhage caused by DN is rare and acute. It is an important measure to reduce the risk of upper gastrointestinal hemorrhage by strengthening the study of its pathogenesis, early diagnosis and early use of gastric mucosal protective agents or proton pump inhibitors.
Diabetic nephropathy-elated intestinal diseases
Small intestinal diseases
DM may promote the occurrence of intestinal mucosal injury, especially T2DM, which is associated with the severe injury. DM can cause intestinal mucosal inflammation, motility disorder, flora imbalance, permeability increase, microcirculation disturbance, circulation change, and intestinal stem cell dysfunction. Small intestinal injury can lead to intestinal erosion, ulcer, bleeding, and even perforation with serious consequences. Some scholars have used capsule endoscopy to collect data on 38 cases of T2DM and 152 cases of non-DM. They recorded and analyzed the situation of small intestinal mucosal injury. The results showed that T2DM cases had more small intestinal villus edema and higher Lewis score of small intestinal mucosal injury, especially for those with DN, suggesting that DN supported the development of intestinal mucosal injury. 39
Colon diseases
There is also a correlation between DN and colon disease. Studies have shown that patients with T1DM and ESRD have abnormal intestinal mucosal morphology, such as reduced numbers of intestinal epithelial cells and crypts, which may be related to the destruction of colonic stem cells. 36 The relative risk of colorectal cancer in patients with DM is increased, which may be related to insulin resistance, diet and poor lifestyle in patients with T2DM. DN is also associated with an increased incidence of colorectal cancer, and the mortality rate of it also increases. 40 Increased mortality of colon cancer has also shown a consistent trend with increased proteinuria. 41
Diabetic diarrhea
Diabetic diarrhea (DD) is a manifestation in the digestive system during the middle and late stages of DM development. It often manifests as refractory intermittent diarrhea. The stools are brown-yellow and water-like, with a large amount and often accompanied by fat diarrhea and severe sensation of tenseness. The diarrhea often occurs at night and in the early morning. Laboratory examination is often normal in these cases upon clinic presentation. Barium meal test of the digestive system shows a normal shape of the small intestine, but the barium passes faster or longer. Colonoscopy shows normal intestinal mucosa or congestion and edema. The diagnostic criteria of DD are as follows: 1. obvious diarrhea symptoms with incomplete stool, no abdominal pain, no abnormal stool routine, and poor drug treatment effect; 2. long history of DM; 3. hypoglycemic drugs effectively alleviating abdominal pain symptoms; and 4. exclusion of other diseases that may cause diarrhea.
Diabetic autonomic neuropathy can lead to a decrease in intestinal motility, slow intestinal peristalsis, and prolonged transmission time. Reduction of intestinal Cajal cells can also lead to diabetic intestinal dyskinesia. The secretion of gastrointestinal hormones in DM patients is often disturbed. Diarrhea is prone to occur when the hormone effect of promoting gastrointestinal motility is stronger than that of inhibiting gastrointestinal motility. The pancreatic exocrine function of DM patients is often disturbed to varying degrees, which can lead to poor fat absorption and pancreatic diarrhea. 42 Diabetic autonomic neuropathy can lead to gallbladder nerve involvement and biliary diarrhea. Diabetic autonomic neuropathy can also involve the patient's rectoanal sphincter, which leads to fecal incontinence and increased frequency, and can also make the rectal sensory function decline, leading to diarrhea. Bacterial imbalance and intestinal malabsorption may also be the reason of diarrhea caused by DN. 43
Anorectal dysfunction
Diabetic autonomic neuropathy can lead to sympathetic and vagal nerve tension imbalance that innervates the rectal and anal sphincter, weaken the tension of the anal sphincter, impair the function of the rectal and anal sphincter, and decrease the rectal sensory function of patients, resulting in fecal incontinence, fecal frequency increase, defecation effort and other manifestations of anorectal dysfunction. Some scholars used the Gastrointestinal Symptom Rating Scale (GSRS) to evaluate patients with long-term T1DM and ESRD. The intestinal symptoms including diarrhea, abdominal pain and constipation have been found to be related to anorectal sphincter dysfunction. 44 
Fecal incontinence (FI)
FI is defined as unconscious loss of solid or liquid feces. Gastric paralysis, constipation, diarrhea, and fecal incontinence often occur in patients with long-term and poorly controlled T1DM. Abnormal gastrointestinal motility in these patients is often associated with autonomic neuropathy and other diabetic complications, such as peripheral neuropathy, nephropathy, and retinopathy. In community surveys, intestinal disorders, especially diarrhea and rectal emergencies, and chronic diseases, such as DM, are the important independent risk factors for FI identified so far. 45 Hyperglycemia can inhibit the movement of the external anal sphincter, reduce rectal compliance, and increase the risk of FI. Long-term hyperglycemia can lead to decreased tension of the anal sphincter, which can lead to FI and other complications.
Constipation
Constipation is characterized by fecal frequency reduction (fewer than 3 times per week), dry stool, and/or difficulty in defecation. Difficulties in defecation include laborious defecation, incomplete defecation, time-consuming defecation, and the need for manualassistance. Referring to the Roman IV standard, functional constipation (FC) is a kind of functional bowel disease. The diagnostic criteria are as follows (i.e. must include two or more of the items): 1. more than 25% of the excreta feels laborious; 2. more than 25% of the excreta is dried ball or hard dung; 3. more than 25% of the excreta is accompanied by a sense of incompleteness; 4. more than 25% of the excreta is accompanied by a sense of anorectal obstruction or obstruction; 5. more than 25% of the excreta feels laborious; 6. more than 25% of defecation needs manual assistance (such as finger-assisted defecation, pelvic floor support); 7. spontaneous defecation occurs less than three times a week; 8. when laxatives are not used, feces rarely appear; 9. the condition does not meet the diagnostic criteria of IBS. Symptoms must appear at least 6 months before diagnosis, and symptoms in the recent 3 months must meet the above diagnostic criteria. 46 While most studies have shown that there is a positive correlation between DM and constipation symptoms, the most recent studies have shown that there is no significant difference between DM and intestinal symptoms (including constipation and diarrhea). 47 DM patients show more chronic gastrointestinal symptoms, and the risk of constipation, dry stool, incomplete bowel movement and rectal pressing symptoms increases, even after excluding gastrointestinal organic lesions. DN may increase the risk of these symptoms. 4
Diabetic nephropathy-related liver diseases
Fatty liver
Nonalcoholic fatty liver disease (NAFLD) is defined as acquired Zheng S. et al: Diabetic nephropathy affects digestive system Explor Res Hypothesis Med metabolic stress liver injury, including simple fatty liver (SFL), nonalcoholic steatohepatitis (NASH) and related cirrhosis. The disease condition is closely related to IR and genetic susceptibility, due to increased fat storage in the liver in the form of triglycerides (more than 5% of the weight of the liver), excluding excessive drinking or other specific liver-damaging factors. A large number of studies have confirmed that DM and NAFLD have a significant correlation, and that they affect each other. Diabetic liver disease is usually the result of steatosis of the liver. The prevalence and severity of NAFLD in DM patients are increasing. DM is an independent risk factor for the development and progression of NAFLD to advanced liver diseases, including liver fibrosis, cirrhosis, and hepatocellular carcinoma. Compared with non-DM patients, patients with T2DM have an increased risk of NAFLD and a higher risk of liver fibrosis and cirrhosis.
Increasing fasting insulin and hepatic IR may lead to the decrease of hepatic lipoprotein metabolism and the increase of very low density lipoprotein synthesis, resulting in the increase of intrahepatic fat production and the accumulation of fatty acids from other organs in the liver. IR is a major risk factor for NASH. 48 IR increased significantly in NASH patients. A cross-sectional study of 188 subjects examined the effect of steatohepatitis severity on atherogenic dyslipidemia in patients with NAFLD. The results showed that the IR of NAFLD patients was significantly higher than that of non-NAFLD patients, regardless of obesity or nonobesity condition. 49 Therefore, IR may be one of the pathogenic mechanisms of NAFLD, and there is a positive correlation between IR and renal insufficiency. 50 Data show that the incidence of renal insufficiency in NAFLD patients is significantly higher, and there is a correlation between liver fat accumulation and renal insufficiency. 51 The relationship between DN and NAFLD is also very close, and there may be a mutually reinforcing relationship between them. A retrospective study has confirmed that NAFLD is a risk factor for DN, and increased liver fat content may be associated with increased damage to DN. 52 The glomerular filtration rate of NASH patients is decreased, 53 and the risk of proteinuria in them is increased significantly. 54 With the increase of liver fat content, the cumulative rates of proteinuria and microalbuminuria increases, and the glomerular filtration rate further decreases. 53 In Chinese patients with T2DM, advanced hepatic fibrosis is a serious form of NAFLD, which is independently related to the high risk of proteinuria, that is, the risk of proteinuria increases with the severity of hepatic fibrosis. 55 DN also affects NAFLD.
Patients with T2DM have significantly increased prevalence of NAFLD. 56 Sixteen patients with end-stage DN were treated with intraperitoneal or subcutaneous insulin during continuous ambulatory peritoneal dialysis, and their liver fat accumulation was assessed. The results showed that intraperitoneal insulin combined with glucose-based peritoneal dialysate induced subcapsular fatty degeneration of liver. When the peritoneal metastasis rate and body weight increased, the content of subcapsular fatty degeneration increased. 57 A total of 933 subjects, including 530 patients with hepatic steatosis, were enrolled in another study to investigate whether the presence of hepatic steatosis and NAFLD is associated with decreased renal function or microalbuminuria in patients with T2DM. The results showed that 388 patients with hepatic steatosis had NAFLD and both hepatic steatosis and NAFLD were significantly correlated with the rate of renal function decline. 55 This suggests that DN has certain effects on NAFLD. However, some scholars have put forward different views. 58 Nevalainen et al. 57 carried out an experiment that included 413 patients with T2DM and they found that the presence of NAFLD was not related to DN. The relationship between DN and NAFLD needs further study.
Hepatocellular carcinoma
There is a significant correlation between DM and hepatocellular carcinoma, and individuals with DM have a higher risk of developing hepatocellular carcinoma. The 2012 meta-analysis of 18 cohort studies showed that people with DM had a 2-fold increased risk of developing hepatocellular carcinoma compared with non-DM patients, and this significant association was not associated with alcohol or viral hepatitis status. 59 Mild steatosis and liver inflammation may progress to fibrosis and hepatocellular carcinoma. T2DM can increase liver fibrosis by a factor of three and hepatocellular carcinoma by a factor of two. 60 IR and subsequent inflammatory cascades may trigger the oncogenic potential of NASH. IR also leads to increased release of various proinflammatory cytokines, including tumor necrosis factor-α, interleukin-6 and leptin, which contribute to the development of hepatic steatosis, inflammation, and the subsequent cancer.
The related mechanisms of the impact of DM on the risk of hepatocellular carcinoma have not yet been fully elucidated. There are several hypotheses, though. First, DM is one of the risk factors for the development of NAFLD. In early T2DM, hyperinsulinemia may up-regulate the insulin-like growth factor-1 (IGF-1). IGF-1 stimulates cell proliferation and inhibits apoptosis in the liver. In vitro studies, such as those with animal models, and epidemiology also support the involvement of insulin and IGF-1 in the development of hepatocellular carcinoma. 61 The risk of hepatocellular carcinoma may also be affected during DN. Targher et al. 62 suggested that possible molecular mediators linking NAFLD to CKD may include increased release of certain pathogenic mediators in the liver, such as advanced glycation end-products, reactive oxygen species, C-reactive protein, tumor necrosis factor-α and interleukin-6, which may be one of the causes of hepatocellular carcinoma in DN.
Diabetic nephropathy-related biliary diseases
Gallbladder emptying
Diabetic autonomic neuropathy can cause gallbladder nerve involvement, affect gallbladder movement, cause regular bile excretion disorder, and lead to biliary diarrhea. Compared with normal people, DM patients have larger fasting gallbladder volume and lower biliary excretion fraction, leading to biliary dysfunction, 43 which can be the reason for DM patients experience biliary dysfunction.
The causes of gallbladder emptying disorder in DM patients are various. First of all, diabetic autonomic neuropathy causes gallbladder nerve involvement, affects the regular excretion of bile, and leads to delayed gallbladder emptying. Second, gastroduodenal emptying during digestive and interdigestive periods can increase gallbladder emptying, and gallbladder emptying can promote duodenal emptying, thereby promoting gastric emptying, while gastrointestinal motility disorders can cause gallbladder emptying disorders. DM is often accompanied by low gastrointestinal motility, such as gastroparesis and gastric retention, which can lead to gallbladder emptying disorders. In addition, DM patients often have Oddi's sphincter dysfunction due to autonomic neuropathy. The main manifestation is increased tension of the Oddi's sphincter in the fasting state, resulting in increased pressure in the common bile duct, bile reflux into the gallbladder, and resulting in gallbladder filling and cholestasis. 63 Gastrointestinal hormone secretion disorders often occur in DM patients. When the hormone effect of inhibiting gallbladder movement is stronger than that of promoting gallbladder movement, gallbladder emptying will be affected, resulting in cholestasis. 64
Gallstones
Gallstone is often clinically characterized by pain in the right upper abdomen and sometimes radiated to the right shoulder and back, accompanied by nausea, vomiting and other gastrointestinal discomfort symptoms. The incidence of gallstones in patients with T2DM is increased significantly. Agunloye et al. 65 found that the incidence of gallstones in patients with T2DM was closely related to the course of DM, through abdominal ultrasonography in 400 patients with T2DM. Toosi et al. 66 also proposed that the prevalence of gallstones was positively correlated with the course of DM. Most patients with DM complicated with gallstones have no obvious discomfort symptoms. Some patients have mild right upper abdominal distension, discomfort, indigestion, and other phenomena. When the cholecystic duct or common bile duct is blocked by stones, gallstones can easily cause gallbladder colic or acute cholecystitis due to stimulation of the gallbladder mucosa or blockade in the gallbladder duct. Severe pain in the right upper abdomen, fever, nausea, vomiting and even gallbladder perforation and necrosis can occur. 63
Diabetes-related pancreatic diseases
Pancreatic exocrine function
The pancreas of DM patients often suffers from exocrine dysfunction to varying degrees. The related factors of pancreatic exocrine dysfunction associated with T1DM and T2DM are different. Pancreatic exocrine dysfunction in patients with T2DM may be related to body mass index and pancreatic artery lesions, while T1DM may be related to the course of DM and glutamate decarboxylase antibody. 67 DM patients with pancreatic exocrine dysfunction may have diarrhea, fat diarrhea, weight loss, and other clinical manifestations. Trypsin supplementation therapy can effectively improve their symptoms. 68 There are several possible mechanisms of diabetes-related pancreatic exocrine dysfunction. These include diabetic autonomic neuropathy leading to impaired intestinal nerve reflex, diabetic microangiopathy leading to insufficient perfusion of pancreatic exocrine tissue and local ischemia, leading to pancreatic fibrosis, insulin impairing the regulatory function of pancreatic exocrine tissue, and lack of local high-concentration insulin nutrition and increase of insulin's antagonistic hormones, such as glucagon, resulting in partial atrophy of pancreatic exocrine tissue. 69
Pancreatitis
Pancreatitis is a disease of the pancreas, caused by the self-digestion of trypsin. The pancreas can be edema, congestion, or hemorrhage and necrosis. Clinical symptoms include abdominal pain, abdominal distension, nausea, vomiting, and fever. Recent studies have shown that DM itself is one of the risk factors of acute pancreatitis. Pancreatitis can aggravate DM, while DM can aggravate the degree of pancreatic infection. Infection and elevated blood glucose effect each other. Increased blood glucose is closely related to the onset of severe acute pancreatitis, and is one of the risk factors for poor prognosis. Compared with non-DM patients, the incidence of acute pancreatitis in patients with T2DM was significantly higher. 70
Pancreatic cancer
Pancreatic cancer has high invasiveness, rapid development, poor prognosis and high fatality. The 5-year survival rate of pancreatic cancer is less than 1%. Studies have shown that DM patients are more susceptible to pancreatic cancer. 71 A study of 111 cases of pancreatic cancer found that nearly one third of pancreatic cancer patients met the diagnostic criteria for DM. 72 It has also been reported that more than half of the patients with pancreatic ductal cancer have DM or hyperglycemia, and 20-25% of the patients develop DM 6-36 months before the diagnosis of pancreatic cancer. DM with poorly controlled blood glucose gives an increased risk of pancreatic cancer. 73 DM with an increase in glycosylated hemoglobin of more than 4 mmol/L is an independent risk factor for pancreatic cancer. 74 Finally, DM with pancreatic cancer is more common in elderly patients, and in males versus females. Many patients have symptoms of upper abdominal pain, abdominal distention, and poor appetite. A few patients may have jaundice and other symptoms. 75
The effect of medications for treating digestive system diseases on blood glucose level and renal function
Digestive system medication also has a certain effect on blood glucose level and renal function.
Gastric stimulants
Mosapride, a gastric motility drug, is a selective agonist of the 5-HT4 receptor. It may improve insulin sensitivity in T2DM by increasing the secretion of GLP-1. The mechanism of its improvement on hyperglycemia is unclear. 76 Liraglutide, as a long-acting analogue of GLP-1, can not only increase satiety and improve gastrointestinal emptying disorder but also regulate insulin levels. It has a positive intervention effect on DN in different stages. 77
Proton pump inhibitors (PPI)
Pantoprazole, a PPI, can significantly reduce the level of glycosylated hemoglobin in T2DM. 78 PPI can decrease gastric acid and indirectly increase serum gastrin level through a negative feedback effect. This may stimulate the proliferation and function of pancreatic β cells and improve blood glucose control. Studies of a small number of T2DM patients have shown that glycosylated hemoglobin in patients taking PPI is slightly lower than that in non-PPI users. In patients with T2DM, the glycosylated hemoglobin levels in both groups were improved, but the addition of a PPI did not affect blood glucose control. 76 Gastrin may increase the quality of pancreatic β cells and improve glucose tolerance. Some studies have shown that PPI have a positive effect on blood glucose, especially in patients with T2DM. The mechanism may be related to the elevation of serum gastrin level. Some experiments have further suggested that the combina-Zheng S. et al: Diabetic nephropathy affects digestive system Explor Res Hypothesis Med tion of gastrin or PPI and a GLP-1 receptor agonist has a beneficial effect on blood glucose control in animal models. 79 It was pointed out that in patients with T2DM, the glycosylated hemoglobin level of patients taking a PPI was slightly lower than that of the control group. In one study, the glycosylated hemoglobin levels of both groups were improved, but the addition of a PPI did not affect blood glucose control. 76 In addition to the effect on blood glucose, PPI also affects renal function, which may be related to renal dysfunction. A large population-based study found a relationship between PPI use and the risk of acute interstitial nephritis and acute kidney injury in children. 80
Gastric mucosa protectant
Bismuth is a commonly used gastric mucosal protective agent. Taking toxic doses of bismuth will lead to acute oliguric renal failure. The mechanism may be that high doses of bismuth make cell membranes unstable and induce cell death through necrosis in vivo and in vitro. 81
Treatment of digestive system diseases
Diet regulation
Gastrointestinal manifestations in DN mostly perform as different degrees of abnormal gastric emptying because of gastric insufficiency. The diet should be low fat and fibrous, with less residue and fluid-based.
Medication treatment
There are a variety of drugs for digestive system dysfunction. For gastric insufficiency and obstruction of gastric emptying, a gastric stimulant can be used. For gastrointestinal hemorrhage, PPI and gastric mucosal protectants are available. For diarrhea, there are antidiarrheal agents and somatostatin. For constipation, there are laxatives and probiotics.
Surgical treatment
Digestive system tumors, such as hepatomas and pancreatic cancer, can be surgically removed after comprehensive evaluation. Cholelithiasis with acute cholecystitis, such as biliary colic, should be treated immediately with emergency surgical treatment, like cholecystectomy and peritoneal drainage. Symptomatic cholecystolithiasis should be treated with cholecystectomy. Oral medication for stone dissolution or extracorporeal shock lithotripsy is recommended if patients refuse surgery.
Other treatments
FI can be treated with electrical stimulation. Electrical stimulation includes anal electrode electrical stimulation, sacral nerve stimulation, and posterior tibial nerve stimulation. Sacral nerve stimulation involves inserting electrodes into the vicinity of the sacral nerve and continuously pulsating a battery-powered stimulator. For posterior tibial nerve stimulation, a skin surface electrode may be applied to the medial malleolus (percutaneous puncture) above the posterior nerve, or a needle may be inserted into the same area of the skin (percutaneous stimulation).
Prospect
With the increasing incidence of DM, the population with DN is expanding, and the digestive system symptoms related to DM are attracting more and more attention. Although the exact molecular mechanism of such has not been elucidated, the relevant research is still ongoing. It is possible that in the future, under the circumstances of higher incidence of DN, some digestive system symptoms can be alleviated while treating DN. Grasping the influence of DN on the corresponding parts of the digestive system and studying the relevant mechanisms will be helpful for defining diagnosis and formulating individualized treatment plans.
